INTRODUCTION
The North Pacific subtropical frontal zone is a band of relatively large mean meridional upper ocean temperature and salinity gradient centered near 30øN !- Roden, 1973] . Its existence is generally attributed to wind-driven surface convergence and large-scale variations in air-sea heat and water fluxes [Roden, 1975] . A recent attempt has been made to determine the associated large-scale geostrophic flow [Niiler and Reynolds, 1984] , and hydrographic surveys [Roden, 1981] of the subtropical frontal zone have revealed energetic mesoscale eddy fields. However, little is known about the dynamics of the local mesoscale circulation or the detailed structure, generation, and dissipation of individual frontal features.
Here we report on an investigation of the upper ocean thermal structure of fronts in the North Pacific subtropical frontal zone. Observations were made in January 1980 with a towed thermistor chain that measured temperature at 12 to 21 depths in the upper 100 m of the water column. The thermis-
The towed thermistor chain and data collection procedure are described in section 2. Section 3 is devoted to a description of the fronts, their magnitude and horizontal scales, temperature-salinity compensation, vertical stratification, and response to wind. Probability densities of surface (15 m) temperature (with the climatological mean removed) and surface temperature gradient are presented in section 4.1. Horizontal wave number spectra of temperature and temperature gradient at several depths between 15 and 70 m are presented in section 4.2. In section 5 the high-wave number tail of the temperature spectrum is compared with the predictions of the theory of geostrophic turbulence [Charney, 1971] .
INSTRUMENTATION AND DATA COLLECTION
The thermistor chain tows were made during Fronts 80, a multi-investigator endeavor focused on the subtropical frontal zone near 31øN, 155øW, in January 1980. Measurements by other investigators included CTD surveys [Roden, 1981] , remotely sensed infrared radiation [-Van Woert, 1982] , expendable current profiler velocity profiles [Kunze and Sanford, 1984] , and drifting buoy tracks [Niiler and Reynolds, 1984] .
The thermistor chain has been described by Paulson et al. [1980] . The chain was 120 m long, with a 450-kg lead depressor to maintain a near-vertical alignment while it was towed behind the ship. Sensors were located at approximately The tow tracks are displayed in Figure 1 . The four tows are labeled by number in chronological order. Since the tracks for thermistor, was used to obtain surface density. CTD conductivity and temperature were recorded hourly (once every 10-20 km at typical tow speeds), as were surface wind speed and direction (from an anemometer at 34.4-m height), dry and wet bulb air temperatures, and incident solar radiation. Surface salinity was determined from temperature and conductivity measured by a Bisset Berman CTD located in the ship's wet lab, to which water was pumped from a sea chest at approximately 5-m depth. The cycle time for the fluid in this system was roughly 5-10 min during most of the experiment. The CTD temperature, corrected for (approximately IøC) intake warming by comparison with data from the uppermost Figure  3 near 33øN, 31øN, and 27øN , respectively. 
ANALYSIS

Statistics
To characterize the surface temperature variability statistically, we have calculated probability densities of temperature gradient and temperature deviation from climatology. Table 2 lists climatological surface temperatures for January and February from 100 years of ship observations and 27 years of hydrocasts [Robinson, 1976] . Figure 6 shows the probability density of the deviation of 15-m temperatures from a fit, linear in latitude in the intervals 25ø-30øN and 30ø-35øN, to the January climatology. As was noted by Roden [1981] , the surface layer temperatures are colder on average than the climatological means. The apparent bimodality is probably due to poor statistics. The Kolmogorov-Smirnov goodness of fit test [Hoel, 1971] The constant level at low wave numbers in the gradient spectrum corresponds to a k-2 slope in the temperature spectrum. Since the Fourier transform of a step function is roughly proportional to k -2, this behavior could be interpreted as an artifact of the sharpness of the fronts rather than an indication of eddy generation. In that case, however, the k -2 behavior should persist to wave numbers comparable to the frontal widths (scales small enough that the fronts do not resemble step functions). Examination of the temperature record (Figure 4) suggests that frontal widths are no greater than a kilometer. The kurtosis calculations described in section 4.1 indicated widths of a few hundred meters. In contrast, the k-2 band is restricted to wave numbers of less than 0.1 cpkm, corresponding to scales an order of magnitude larger than the frontal widths. Thus this interpretation does not appear correct.
The break in slope at the high-wave number end of the plateau occurs near 0.1 cpkm, at roughly the fifth internal deformation radius. The constant spectral level at wave numbers above 1 cpkm is likely due to temperature gradient production in the surface boundary layer. cessively shorter wavelengths for shallower thermistors, presumably since only short wavelength internal waves may exist on infrequent shallow patches of vertical gradient.
THREE-DIMENSIONAL GEOSTROPHIC TURBULENCE
We have interpreted the low-wave number plateau in the 15-m horizontal temperature gradient spectrum (Figure 8) as the signature of the mesoscale eddy field and a probable baroclinic production range, and the high-wave number plateau as a surface boundary layer production range. At wave numbers above 0.1 cpkm, internal waves consistently account for the difference between the 70-m and 15-m spectra (Figures 10 and  11) . It remains to explain the spectral slope in the 0.1-to 1-cpkm wave number band. In this band, the temperature gradient spectrum has 95% significant vertical coherence and is very nearly proportional to k-• (Figures 8 and 9 Charney introduced the phrase "geostrophic turbulence" to describe the energetic, low-frequency, high-wave number, three-dimensional, isotropic, quasi-geostrophic motions in the enstrophy cascade subrange. The phrase is now also used more generally to describe the "chaotic, nonlinear motion of fluids that are near to a state of geostrophic and hydrostatic balance" [Rhines, 1979] but in which anisotropic waves (e.g., Rossby waves) may propagate. Large-scale geophysical fluid motions that are turbulent and strongly two-dimensional are also often described as "two-dimensional turbulence." Because they may contain Rossby wave motions, they need not satisfy Charney's criteria for the existence of an inertial subrange. Charney's theory applies strictly only to three-dimensional, quasi-geostrophic motion at scales small enough that the beta effect may be neglected.
In the predicted inertial subrange, the energy spectrum E(k) has the form E(k) = CF]2/3k-3
where C is a universal constant, r/ is the enstrophy cascade rate, and k is an isotropic wave number. Total energy is equally distributed between the potential energy and each of the two components of kinetic energy. For a spatially oriented wave number (e.g., wave number along a tow track), the power law dependence is unchanged, but the traverse velocity kinetic energy component contains 3 times the energy of each of the longitudinal component and the potential energy component, so the total energy is 5 times the potential energy [Charney, 1971] . The potential energy may be expressed in terms of the density, using the hydrostatic balance and a local value of the buoyancy frequency N:
where g is gravitational acceleration, p is density, and Po is a constant reference density. The temperature and salinity data (Figure 2 ) indicate that relative temperature tends to determine relative density, at least on the 10-to 15-km scales of the salinity data. We have used linear regression T-S relations from these data to convert 15-m temperature to density. For tow 1 a single linear T-S relation was used; for tow 2, three relations; for tow 3, a single relation; and for tow 4, three relations. The change in spectral shape from this conversion was minimal. The spectral levels were altered, with tows 2 and 3 nearly equal and tows 1 and 4 roughly half and 3 times as large, respectively, as tows 2 and 3. (The large front near 26øN is intensified by the conversion to density and was excluded from the density spectra, as it imparts a strong k -2 signal to the spectrum and appears to belong to a dynamical regime different from that of the remainder of the observations.) The southward increase in surface density variance is consistent with Niiler and Reynolds' [1984] drifter observations of southward increasing eddy kinetic energy.
A relatively large uncertainty is associated with the choice of a value of N for the conversion (equation (2)) from density to potential energy. The Charney theory requires use of the local N, which is assumed to be slowly varying. In the mixed layer, N may be arbitrarily small, and at the mixed layer base, N is not slowly varying. We use N = 2 cph, which lies between the mixed layer and pycnocline values. Within the 95% confidence intervals, the resulting ensemble-averaged potential energy spectrum may be obtained directly by multiplying the 15-m temperature spectrum in Figure 10 These include near-inertial currents, variations in air-sea fluxes and entrainment, and advection by eddies that are dynamically independent of the surface temperature field (i.e., by which surface temperature is advected as a passive scalar).
Lagrangian motion due to near-inertial surface currents is not well understood. Absolute displacement of the surface temperature field by near-inertial currents with horizontal scales greater than 10 km will not affect the temperature spectrum in the band. Relative meridional displacements of 5-10 km in the mean temperature field, driven by near-inertial currents that have horizontal scales of 10 km and less, would be required to explain the variance. Over 900-km space and 2-week time scales and despite variable atmospheric conditions, the observed spectral shapes varied little, while nearinertial currents typically respond strongly to storms. Consequently, near-inertial currents appear to be an unlikely source For the geostrophic turbulence interpretation, temperature was assumed to be a dynamical variable, directly related to the density. Alternatively, it may be assumed to be a passive scalar, advected by a dynamically independent turbulent eddy field. If the dominant scales of the eddy field are larger than 10 km, dimensional analysis predicts a k-• subrange in temperature at scales smaller than 10 km. The balance is between velocity shear at large scales and temperature dissipation at small scales. This is analogous to the viscous-convective subrange in isotropic turbulence [Batchelor, 1959] . However, the observed temperature spectrum has a k-3 slope, which does not agree with the dimensional analysis prediction for a passively advected scalar.
